6 Li abundance observed in metal poor halo stars appears to exhibit a plateau as a function of metallicity similar to that for 7 Li, suggesting a big bang origin. However, the inferred primordial abundance of 6 Li is ∼1000 times larger than that predicted by standard big bang nucleosynthesis for the baryon-to-photon ratio inferred from the WMAP data. Also, the inferred 7 Li primordial abundance is 3 times smaller than the big bang prediction. We here describe in detail a possible simultaneous solution to both the problems of underproduction of 6 Li and overproduction of 7 Li in big bang nucleosynthesis. This solution involves a hypothetical massive, negatively-charged leptonic particle that would bind to the light nuclei produced in big bang nucleosynthesis, but would decay long before it could be detected. We consider only the X-nuclear reactions and assume that the effect of decay products is negligible, as would be the case if lifetime were large or the mass difference between the charged particle and its daughter were small. An interesting feature of this paradigm is that, because the particle remains bound to the existing nuclei after the cessation of the usual big bang nuclear reactions, a second longer epoch of nucleosynthesis can occur among X-nuclei which have reduced Coulomb barriers. The existence of the X − particles thus extends big bang nucleosynthesis from the first few minutes to roughly five hours. We confirm that reactions in which the hypothetical particle is transferred can occur that greatly enhance the production of 6 Li while depleting 7 Li. We also identify a new reaction that destroys large amounts of 7 Be, and hence reduces the ultimate 7 Li abundance. Thus, big-bang nucleosynthesis in the presence of these hypothetical particles, together with or without an event of stellar processing, can simultaneously solve the two Li abundance problems.
INTRODUCTION
A long-standing effort in astrophysics has involved searches for signatures of unstable particles that might have existed in the early Universe, but have long since become extinct. The precision that exists in the abundances of the nuclides produced in big bang nucleosynthesis (BBN) suggests that primordial nucleosynthesis is a good place to look for such signatures. In that context, it is of considerable interest that recent observations (e.g. Asplund et al. 2006 ) of metal poor halo stars (MPHSs) indicate that the primordial abundances of both 6 Li and 7 Li may not be in agreement with the predictions of standard BBN. Specifically, the 6 Li appears to have an abundance plateau similar to that for 7 Li in very low metallicity stars. This suggests a primordial abundance. However the abundance value is roughly a factor of 1000 larger than predicted in standard BBN. A similar, though much less severe, problem exists for 7 Li (Ryan et al. 2000; Meléndez & Ramírez 2004; Asplund et al. 2006) ; the BBN value that would be consistent with the baryonto-photon ratio inferred from analysis of the Wilkinson Microwave Anisotropy Probe (WMAP)-power spectrum suggests an abundance that is roughly a factor of three higher than the observed value.
In response to this intriguing 6 Li result, a number of solutions have been suggested. Some relate the Li anomalies to the possible existence of unstable heavy particles in the early Universe (Dimopoulos et al. 1988a (Dimopoulos et al. ,b, 1989 Jedamzik 2000; Cyburt et al. 2003; Jedamzik 2004; Kawasaki et al. 2005; Kusakabe et al. 2006 ) which lead to 6 Li production via non-thermal reactions induced by the particle decay. Some have suggested a possible epoch of enhanced cosmic ray nucleosynthesis via the α + α reactions (Rollinde et al. 2006; Prantzos 2006; Kusakabe 2007) .
Of interest to the present work, however, is the suggestion in several recent works (Cyburt et al. 2006; Kaplinghat & Rajaraman 2006; Pospelov 2007; Kohri & Takayama 2007; Hamaguchi et al. 2007 ; Kusakabe et al. 2007; Jedamzik 2008a,b) that heavy negatively charged unstable particles could modify BBN and lead to 6 Li production. However, this mechanism would operate in a rather different way from the previous suggestions. In this paradigm, the heavy particles (here denoted as X − ) would bind to the nuclei synthesized during BBN to produce exotic nuclei (hereafter denoted as X-nuclei). These massive X − particles would be bound in orbits that would have radii comparable to those of the nuclei to which they were attached. Their presence, however, would reduce the Coulomb barrier seen by incident charged particles, thereby enhancing the thermonuclear reaction rates and allowing a longer duration of BBN in an extended epoch of nucleosynthesis. In the present work we expand upon our previous study ) and describe details of a revised analysis of X − particle effects on BBN. The focus of the present work is to better quantify the effects of X − particles on BBN. It is possible, however, that both X − effects and the X-particle decay contribute to the abundances. In a future work we will consider this, but for now we only address the effects of X − particles and show that this alone can explain the observed lithium abundances.
In standard BBN, 6 Li production is suppressed. It is synthesized primarily via the 4 He(d,γ) 6 Li reaction, which has a very small cross section. However, Pospelov (2007) suggested that a large enhancement of the 6 Li abundance could result from an X − bound to 4 He (denoted 4 He X ). This allows for the X − transfer reaction of 4 He X (d,X − ) 6 Li, which can enhance the production of 6 Li by as much as seven orders of magnitude. Subsequently, Hamaguchi et al. (2007) carried out a theoretical calculation of the cross section for this X − transfer reaction in a quantum three-body model. Their value was about an order of magnitude smaller than that of Pospelov (2007) . This difference can be traced to their exact treatment of the quantum tunneling in the fusion process and the use of a better nuclear potential.
In other work, Cyburt et al. (2006) identified the X − as the supersymmetric counterpart of a tau, i.e., a stau., thereby providing some plausibility for the existence of such particles. They also considered the X − transfer reactions for 6 Li, 7 Li, and 7 Be production as Pospelov suggested. Kaplinghat & Rajaraman (2006) observed that the decay of an X − when bound to 4 He occasionally knocks out a proton or neutron to produce 3 He or 3 H, thereby enhancing their abundances in BBN. Those nuclides could then interact with other primordial 4 He nuclei at higher energies than those normally associated with the BBN production of 6 Li. Kohri & Takayama (2007) and Kusakabe et al. (2007) studied the recombination of nuclei with X − particles, and suggested the possibility that BBN with charged massive particles also destroys 7 Li and so solves the 7 Li problem as well. In addition, a resonant reaction 7 Be X (p,γ) 8 B X has recently been proposed (Bird et al. 2007 ) that further destroys 7 Be X through an atomic excited state of 8 B X . In the present work we have estimated new reaction rates for the X − transfer reactions suggested by Pospelov (2007) as well as others that could occur. We have reanalyzed the X − transfer reaction rates estimated in Cyburt et al. (2006) and found them to be negligible based upon the reaction dynamics discussed below.
We have adopted a simple model to estimate the binding energy due to the bound X − particles for each nucleus involved in BBN. The reaction rates are corrected for the modified nuclear charges and the effective mass resulting from the binding of the X − particle. The reaction rates, however, are not particularly sensitive to the mass of the X − particle. Therefore, we have simply assumed that they are much heavier than the nucleon mass.
In this paper we study the potential consequences of X − particles on BBN, including recombination of the X − particles by the existing normal nuclei. Several new reaction processes have been included that can produce or destroy 6 Li and 7 Li in the early universe. We utilize a fully dynamical description which is solved numerically, and which includes all relevant details of kinetic and chemical equilibrium. The purpose of this present work is to better quantify whether there are observable consequences of the resulting reaction network. The ultimate goal is to better explain the observed overproduction (1000 times) and underproduction (3 times) of the abundances of 6 Li and 7 Li. In Section 2 we outline some of the details of the calculations we have performed to estimate the thermonuclear reaction rates, and to describe the evolution and abundance of the different nuclei, X − particles, and X-nuclei during the BBN.
In Section 3, we show the results of BBN with the reactions involving the nuclides that could be formed with the embedded X − particles. As was done in Jedamzik (2008a), we identify the parameter space for solving both the the 6 Li and 7 Li BBN abundance problems. The present work, however, differs from that of Jedamzik (2008a) in several important ways. Besides differences in some of the relevant reaction rates, there are two major differences. One is the inclusion of X-transfer reactions. Jedamzik (2008a) found that X-transfer reactions involving the charge Z = 1 X-nuclei could possibly change the light-element abundances. That result, however, relied on reaction rates which were calculated within the framework of the Born approximation. Recently, however, a detailed study of one of the relevant X-transfer reactions by Hamaguchi et al. (2007) shows that a more realistic calculation gives a much smaller (factor of 10) X-transfer reaction rate. Based upon that study, we conclude that X-transfer reactions can be neglected in this work. Another difference is the assumption that hadronic and electromagnetic (EM) decays are unimportant. That is, we only consider the X-nuclear reactions and assume that the effect the of decay products is negligible. This is possible if the decay lifetimes are long and/or the mass difference between the X − and daughter particle is small. In supesymmetric scenarios for example (e.g. Feng et al. 2003a,b) , nearly equal masses would also imply a larger lifetime. Very large lifetimes are ruled out but lifetimes of order a year are very interesting for structure formation (Sigurdson & Kamionkowski 2003) .
In Section 4, the effects X − decay are discussed. Our conclusions are summarized in Section 5.
MODEL
In order to perform the nucleosynthesis calculations, we have added the relevant X-nuclei and their reactions to the BBN network code (Kawano 1992) . The X-nucleus 4 He X is particularly important for the present work, although the other X-nuclei are included and can significantly affect the results. Both proton and neutron captures involving the X − particles were included when energetically allowed, as were "transfer reactions." We modified most of the thermonuclear reaction rates on the X-nuclei from the original rates (without X-nuclei). The two dominant effects were the lowered Coulomb barriers resulting from the X − in the nucleus, and the modified reduced mass. However, as noted below, there are a number of reactions for which careful additional consideration is required in order to estimate reliable reaction rates.
2.1. Properties of the X − Particle
The X − particle is assumed to be leptonic, since there is motivation from particle physics for the existence of such a particle (Cyburt et al. 2006) . Identifying these particles as the supersymmetric partners of normal leptons implies that they would also be leptonic but of spin 0. Such sleptonic X − particles will be initially produced in pairs with X + particles. Ultimately, their annihilations in the early universe will freezeout. The final required BBN abundance of the residual X + -X − pairs will then constrain their annihilation cross section. We show below that this cross section is consistent with a weakly interacting sleptonic particle. We note, that the X + particles, though also present during BBN will have negligible interactions with ambient nuclei (compared to X − particles) due to their Coulomb repulsion and low associated reaction rate. Hence, they can be neglected in the present analysis. It is possible, however, that they could affect the final results to the production of electromagnetic and/or hadronic showers when they decay. That complication will be addressed in a future paper. The focus of the present work, however, is only the effects of X − particles on BBN. Ultimately, the product of the X − abundance and mass must be consistent with the WMAP CMB power spectrum. The lifetime of the X − also has a lower limit because it must live long enough to allow at least some fraction of the X − produced initially in the big bang to exist through the epoch of BBN. If the X − particles decay into leptons and photons at some later stage, they are expected to destroy some fraction of the nuclei to which they had become bound during BBN. However, that fraction is not expected to be large (Kaplinghat & Rajaraman 2006; Rosen 1975 ) and can be neglected.
Nuclear Binding Energies
The reaction rates of the X-nuclei are strongly affected by their binding energies. In our calculations both the binding energies and the eigenstate wave functions of X − particles were computed by taking into account the modified Coulomb interaction with the nucleus. For this purpose, we assumed that the charge distribution of nuclides is Gaussian. We then solved the two-body Shrödinger equation by a variational calculation (Gaussian expansion method, i.e. Hiyama et al. 2003) , and obtained binding energies. The obtained values are listed in Table 1 . The adopted root mean square charge radii are listed in the second column. When experimental data exist, we used charge radii determined from experiment. Note that since the X − particles can bound only electromagnetically to nuclei, their binding energies are typically small (∼ 0.1 − 1 MeV), and are largest for heavy nuclei. Hence, they are not appreciably bound to nuclei until the temperature becomes low enough.
Reaction Rates
The leading term in the expression for the thermonuclear reaction rates (TRR) σv for nonresonant reactions involving nuclei with embedded X − particles can be written (e.g. Boyd 2007) as
where
1/3 keV is the energy at the peak of the Gamow window, S(E 0 ) is the "astrophysical S-factor" at E 0 , k B is the Boltzmann constant, T 6 is the temperature in units of 10 6 K, and
The astrophysical S factor contains the nuclear matrix element for the reaction. For some of the rates we take the nuclear matrix element within S(E 0 ) to be the same as for the reactions of the corresponding normal nuclei (NACRE; Caughlan & Fowler 1988; Smith et al. 1993) . For others we can adopt a scaling relation as described below. Hence, the dominant corrections for the TRR in the above equation arises from the terms involving the reduced mass µ (in atomic mass units), and z 1 and Z 2 (the proton numbers for the projectile normal nucleus and the target X-nucleus). We have assumed Z 2 to be the net charge of the bare nucleus and any embedded X − particles, i.e. Z 2 = z 2 − n for single (n = 1) X − -bound nuclei, where z 2 is the atomic number of the bare nucleus. As noted above, we take the spin of the X − particles to be zero. At the epoch during BBN at which the X − -nuclei undergo nucleosynthesis the neutron abundance is extremely small. Nevertheless, for completeness we have included neutron radiative capture reactions in the reaction network. We adopted the known values for the normal nuclei whenever possible, but those values are not always available for the unstable nuclei of interest 3 ≤ z 2 ≤ 5. For the Be X , B X (n,γ) reactions we assumed a mean value obtained from the 6 Li(n,γ) 7 Li and 7 Li(n,γ) 8 Li reactions (see, e.g. Heil et al. 1998; Barker 1980 , and references therein) of 40 µb at 25 keV. Reactions in which an X − particle can be transferred can be very important in circumventing some of the reactions that would normally be inhibited (Pospelov 2007) . This is especially true of the 4 He X (d,X − ) 6 Li reaction. The rate for this reaction could be orders of magnitude larger than that of the 4 He(d,γ) 6 Li reaction. This latter reaction is the main process by which 6 Li is made in BBN in the absence of X − particle. Normally, however, this reaction is suppressed because it is dominated by an electric quadrupole transition. Hamaguchi et al. (2007) have recently carried out a new theoretical calculation of the cross section for the X − transfer reaction 4 He X (d,X − ) 6 Li in the context of a quantum three-body model. Their value was about an order of magnitude smaller than that of Pospelov (2007) . This difference can be traced to an exact treatment of the quantum tunneling in the fusion process and the use of a better nuclear potential. We have therefore adopted the rate of Hamaguchi et al. (2007) as the most reliable estimate for this rate and assume a factor of 3 uncertainty.
Cyburt et al. (2006) estimated astrophysical Sfactors for various transfer reactions including the
Be reactions by applying a scaling relation (Pospelov 2007) ,
where S X and S γ are the S-factors for the X − transfer and normal radiative processes, respectively. The quantity a 0 is the X − Bohr radius of 4 He X or 6 Li X , while p f is the linear momentum of the outgoing 7 Li or 7 Be. The quantity ω γ is the energy of the emitted photon of multipole order λ (λ = 1 for electric dipole) in the radiative-capture reactions.
In the present work, however, we consider more details of the reaction dynamics in order to better clarify the differences in these reactions. First, we note that 4 He, 6,7 Li, and 7 Be occupy an s-wave orbit around the X − particle (assuming the X − particle to be much heavier than these nuclei). At the same time, the 6 Li nucleus is an α + d cluster system in a relative s-wave orbit, while the A = 7 nuclei are α + t and α+ 3 He cluster systems in relative p-wave orbits. This difference in the orbital angular momentum will produce a critical difference in the reaction dynamics between the 4 He X (d,X − ) 6 Li reaction and the
7 Be, and
Be reactions. In particular, the latter three X − transfer reactions to produce 7 Li and 7 Be must involve a ∆l = 1 angular momentum transfer. This leads to a large hindrance of the overlap matrix element of the nuclear potential for the X − transfer processes. In the latter three reactions the outgoing 7 Li and 7 Be in the final state must occupy a scattering p-wave orbit from the X − particle in order to conserve total angular momentum. Thus, a realistic quantum mechanical calculation would deduce much smaller S X -factors than those estimated by Cyburt et al. (2006) . In this article, therefore, we have assumed that the above three reaction processes are negligible.
2.3.2.
7 BeX +p Resonant Reaction Bird et al. (2007) have recently suggested that the 7 Be X (p,γ) 8 B X resonant reaction could occur through an atomic excited state of 8 B X with a threshold energy of 167 keV. This channel does destroy a significant amount of 7 Be X and is included in our present study. In the previous study ), we have suggested that a reaction channel through the 1 + , E * = 0.770±0.010 MeV nuclear excited state of 8 B via 7 Be X +p → 8 B * (1 + , 0.770 MeV) X → 8 B X +γ could also destroy 7 Be X . However, we found that this channel is unimportant from the estimate of binding energies in this study. In Kusakabe et al. (2007) , the binding energies and the eigenstate wave functions of the X-nuclei were calculated assuming uniform finite-size charge distributions of radii r 0 = 1.2A 1/3 fm for nuclear mass number A (Cahn & Glashow 1981) . Since the assumed charge radii were smaller than the measured charge radii, the estimated binding energies were higher than those of this study. Although the nuclear resonance channel is not important, we show the effect of this channel on 7 Be X destruction.
The TRR for resonant radiative capture reactions is given approximately by
where is Planck's constant, E is the resonance energy, and I 1 , I 2 , and I are the spins of the projectile, the target, and the resonance. The quantity Γ l is the particle width for decay into two charged particles of relative angular momentum l, while Γ γ is the gamma decay width, and Γ tot is the total width of the resonant state. Γ l is approximately written (Boyd 2007) as
2 )× 10 −13 cm is the interaction radius with A 1 and A 2 the atomic weights of the interacting particles. The symbol A denotes the reduced atomic weight A = A 1 A 2 /(A 1 + A 2 ), and M u is the atomic mass unit, while θ 2 l is the dimensionless reduced width. The height of the Coulomb barrier is
while the usual Sommerfeld parameter b is given by b = 31.28z 1 Z 2 A 1/2 (keV 1/2 ). Correcting the charge, reduced mass, and energy for the nuclides with an embedded X − particle, we obtain the partial width of the 8 B * (0.77 MeV) X → 7 Be X +p reaction,
where E th is the energy level of the nuclear resonant state with respect to the 7 Be X plus p exit channel. From the conjugate analog state of 8 Li (1 + , 0.9809 MeV) we deduce that the 8 B (0.770 MeV) first excited state has spin and parity I π = 1 + and that the resonant reaction proceeds through a p-wave (l = 1). In Eq. (8) we also adopted θ (4) and (5), we can estimate the resonant TRR for 7 Be X +p → 8 B * (1 + , 0.770 MeV) X → 8 B X +γ as a function of E. When E ≈ 0, Γ 1,X vanishes, thus ω γ → 0 and the TRR also vanishes. As the resonance energy E increases, Γ 1,X also gradually increases and eventually becomes larger than Γ γ . Thus, ω γ converges to a constant value ω γ = (2I +1)/((2I 1 +1)(2I 2 +1))Γ γ in Eq. (5). However, the exponential factor exp(−E/k B T ) in Eq. (4) strongly regulates the TRR for larger E. In this manner there is a most effective resonance energy E eff which maximizes the TRR. We found E eff ≈ 30 keV numerically. Hence, this resonant reaction could be an important, possibly dominant, new means to destroy 7 Be X .
The present study, however, indicates that is not the case.
In the previous study ) the calculated binding energies of the X − particle in 7 Be X and 8 B X were respectively 1.488 MeV and 2.121 MeV. If we adopt these values for the energy levels of the nuclear excited states of 8 B X , this 1 + state of 8 B X becomes located near the particle threshold for the 7 Be X +p channel. In this case the 7 Be X (p,γ) 8 B X reaction can proceed through a zero-energy resonance of 8 B *
X at E ≈ 0 MeV, where E is the center-of-mass energy between the 7 Be X and the proton in the entrance channel. We note, however, that the estimated binding energies of X-nuclei, depend upon several assumptions such as the adopted charge distribution of the X − embedded nucleus (Pospelov 2007; Bird et al. 2007 ). The A=6, 7, and 8 nuclear systems are typical clustering nuclei for which even a small change of the relative wave function between the composite nuclei can affect significantly the radiative capture cross sections at astrophysical energies as well as their static electromagnetic properties (Kajino 1986; Kajino et al. 1988) . We therefore adopt a large uncertainty in the 1 + resonance energy, E, from the 7 Be X +p separation threshold in Kusakabe et al. (2007) .
To check the nuclear flow to the higher mass region we added the 8 Be X +p → 9 B * a X → 9 B X +γ reaction, where 9 B * a X indicates that the reaction occurs through an atomic excited state of 9 B. However this reaction was now found to be unimportant because its threshold energy is relatively large (see Table 2 ).
Reaction Network
We show in Fig. 1 the reaction network involving the nuclides with an embedded X − particle relevant to the present paper. Nuclear reactions denoted by the thick solid arrows were found to be especially important for the production or destruction of the A=6 and 7 nuclides both in the literature and in our present study. Pospelov (2007) 4 He X . We find, however, that these latter three reactions produce small effect on the BBN results and, as noted above, the latter three X − transfer reactions would have little effect on BBN results when ∆l = 1 hindrance is taken into account. Bird et al. (2007) have proposed the likely important destruction process 7 Be X +p → 8 B * a X → 8 B X +γ, where 8 B * a X is an atomic excited state through which the radiative capture occurs. They also proposed a charged weak-boson exchange reaction 7 Be X → 7 Li+X 0 followed by 7 Li(p,α) 4 He and 7 Li(X − ,γ) 7 Li X (p,α) 4 He X to eventually destroy the A=7 nuclides. Other reactions can also contribute to synthesize or destroy 6 Li nX and 7 Li nX , 7 Be nX (n=0 or 1) and the heavier nuclei. Our network code includes many reactions with nuclei up to Carbon isotopes. Table 2 summarizes our adopted nuclear reaction rates.
Kinetic Rate Equations
When dealing with the kinetic and chemical equilibrium associated with X − particles, it is necessary to consider the thermodynamics associated with the binding of X − particles. This is because it will be important to know precisely when during BBN they become bound to nuclei, and what their distribution over the BBN nuclei is expected to be (Kohri & Takayama 2007) . We have put both recombination and ionization processes of X − particles into our BBN network code and have dynamically solved the associated set of rate equations [as in Kohri & Takayama (2007) ] to find when the X-nuclei decoupled from the cosmic expansion. Denoting a specific isotope of an element by (N, Z), its abundance as n(N, Z), and the corresponding quantities for the isotopes with an embedded X − as (N, Z) X and n(N, Z) X , the capture-reionization expressions for (N, Z) and (N, Z) X in an expanding universe are
and
Here, the subscript "creation" refers to nuclear reactions that make (N, Z) and "destruction" to nuclear reactions that destroy it, including β-decay for unstable nuclides. The quantity H is the Hubble expansion rate. Detailed balance of the X-capture reaction (N, Z) + X − → (N, Z) X + γ and its inverse permits (Kohri & Takayama 2007) writing the capture process as
where σ r is the recombination cross section, n X is the abundance of X − particles, andñ γ is the number of photons in excess of E bind , the X − binding energy to (N, Z), i.e.,
Note that since E bind is small, the equilibrium will favor unbound X − particles until low T . Since the mass of the X − particle is assumed to be 50 GeV, the reduced mass for the X − + A(N, Z) system can be approximated
This leads to the following TRR for the first recombination process
where α is the fine structure constant. This expression is almost independent of m X but increases with Z. We do, however, obtain a different mass-dependence in the TRR for the second recombination process A X (X − ,γ)A XX :
Here we obtain a mass dependence because µ XX ≡ m AX m X /(m AX + m X ) ≈ m X /2. Since m X is typically much larger than the mass of the light nuclei m X ≫ m A , the rate for the second or higher-order recombination process is hindered. Figures 2a and 2b illustrate the results of a BBN calculation in which the X − abundance is taken to be 10% of the total baryon number, i.e. Y X = n X /n b = 0.1, where n X is the number density of the X − particles and n b is the averaged universal baryon-number density. Results shown in Fig. 2a are for normal nuclei while Fig. 2b shows those for the X-nuclei, Note that we adopt the rate of Hamaguchi et al. (2007) for 4 He X (d,X − ), and the reactions 4 He X (t,X − ), 4 He X ( 3 He,X − ), and 6 Li X (p,X − ) are taken to be negligible.
RESULTS

BBN Calculation Result
The abundances for the normal nuclei 6 Li, 7 Li and 7 Be in the interval T 9 ∼ 0.5 − 0.2 are seen to be close to their usual BBN values. This is because at higher temperatures the nuclear statistical equilibrium does not particularly favor the production of the weakly bound Xnuclei. Thus, their effect on the abundance is minimal. There are some changes, however, once the X-nuclei appear. Because of the larger binding energies, the X − particles bind first to the heaviest nuclides, such as 7 Li and 7 Be produced in normal BBN (first recombination of the X − particles). These recombinations occur at around T 9 = 0.3 (for 7 Li) and T 9 = 0.5 (for 7 Be), respectively. An increase in the 7 Be X abundance by the recombination can clearly be seen in Fig. 2b . Somewhat later, at around T 9 = 0.1, the X − particles are captured onto 4 He, as can be seen in Fig. 2b . Then a new round of nucleosynthesis of the X-nuclei, involving the reaction 4 He X (d,X − ), produces normal nuclei 6 Li (in Fig. 2a ) as well as 6 Li X (in Fig. 2b ). However, the most notable feature of these results is that the 6 Li is not easily destroyed by the 6 Li(p,α) 3 He reaction, which destroys nearly all of the 6 Li produced in standard BBN. This is because the X − transfer reaction restores the charge of the normal nucleus 6 Li, which has a Coulomb barrier which is too high at these temperatures for its destruction. Thus, the large abundance ratio of mass 6 to mass 7 is preserved (Pospelov 2007 ).
In addition, however, 7 Be is destroyed by the nuclear reactions that occur after the recombination (T 9 ∼ 0.3), mainly 7 Be(X − ,γ) 7 Be X (p,γ) 8 B X . This is explained in detail below.
The calculated BBN abundances of the mass 6 and 7 nuclides and other light nuclei depend strongly on the X − abundance. The above discussion applies only to the case of relatively abundant X − particles. In order to study the sensitivity of the 6 Li and 7 Li (≡ 7 Li+ 7 Be) abundances to the X − abundance, n X , we carried out a series of BBN calculations in which n X was varied over a wide range. Figure 3 shows the calculated abundances of the mass 6 and 7 nuclides. These are plotted as 6 Li/H (solid curves of positive slope) and 7 Li/H (horizontal solid curve), as a function of the initial X − number fraction f X relative to the cold dark matter (CDM) abundance, which we define as
This definition follows if we take number density of CDM particles as that inferred from the CDM closure content (Ω CDM = 0.2) deduced from the WMAP data. For this closure parameter, the CDM number density, for any value of mass m CDM of the CDM particle, can be written n CDM = 0.09 n b × (50 GeV/m CDM ). So, our definition of f X is for a fiducial CDM mass of 50 GeV and is easily scalable to other CDM masses.
In the calculations shown in Fig. 3 we have assumed that the X − particle has a mean lifetime much longer than the typical time scale for BBN in the presence of X − particles, i.e τ X ≫ 5 hours. Below we also consider the case of a mean lifetime which is shorter than 5 hours. In this figure we have taken into account the theoretical uncertainty in the X − transfer reaction cross sections. For 6 Li the upper curves correspond to the yields with our assumed rate for the 4 He X (d, X − ) 6 Li reaction (Hamaguchi et al. 2007 ) multiplied by a factor of 3, and the lower curves correspond to that same rate divided by a factor of 3. The middle curve for 6 Li corresponds to our best guess for that crucial rate, i.e., the rate of Hamaguchi et al. (2007) . As noted above, Bird et al. (2007) suggested that the recombination of 7 Be and X − together with the 7 Be X (p, γ) 8 B X reaction taking account of the resonant contribution from both reactions would destroy a considerable amount of 7 Be; this process was included in all of our calculations.
It is clear from Fig. 3 that the 6 Li abundance increases monotonically with increasing f X . This is a consequence of the fact that 6 Li is mainly produced by the 4 He X (d,X − ) 6 Li reaction as proposed in Pospelov (2007) for almost entire range of f X -values. For f X 10 −9 , however, the standard BBN processes 4 He(d,γ) 6 Li and 3 He(t,γ) 6 Li are the main reactions to make 6 Li (Fukugita & Kajino 1990; Smith et al. 1993 ). In the region of f X 0.1, however, a departure from the linear increase due to 6 Li(X − ,γ) 6 Li X (p, 3 He) 4 He X is observed.
During normal BBN, at the baryon to photon ratio deduced from CMB measurement by WMAP, 7 Li is produced mainly as 7 Be. We find that the 7 Be (and 7 Li) produced during the standard BBN epoch captures X − particles to form 7 Be X (and 7 Li X ) during the first recombi- Constraints on the primordial 6 Li abundance must be inferred from the observed plateau as a function of metallicity on MPHSs. The actual primordial abundance of 6 Li could be higher than the recently detected high plateau-abundance (Asplund et al. 2006 ) of 6 Li (lower horizontal dashed curve in Fig. 3 ). This is because stellar processing could have depleted an initial surface abundance. It is expected in models (Pinsonneault et al. 2002) of stellar structure and evolution that both 6 Li and 7 Li abundances decrease because materials on the stellar surface might be convected to regions of sufficiently high temperature that the fragile 6 Li and 7 Li are partially destroyed (e.g. Lambert 2004; Richard et al. 2005 ). Therefore, the plateau level for the observed abundances of 6 Li/H and 7 Li/H in MPHSs should be considered a lower limit to the primordial abundance. For this lower limit we take the 3 σ lower limit to the mean plateau value times a factor of 1/3 for systematic uncertainties giving 6 Li/H ≥ 1.7 × 10 −12 . We include this additional factor because there may be additional systematic uncertainties due to the sensitivity of the inferred 6 Li abundance to the model atmosphere employed (Cayrel et al. 2007) .
The upper limit is more difficult to estimate. Because 6 Li could be more easily destroyed in stars than 7 Li, its upper limit should be higher than the upper limit to the 7 Li abundance. Even so, there are constraints on the degree of stellar processing for both 7 Li and 6 Li from the limits on the dispersion of the plateau. A large degree of stellar destruction would be sensitive to the varying degrees of meridional circulation in the stars (Pinsonneault et al. 2002) and hence should produce a large dispersion in observed abundances. However, the fact that the observed dispersion in 7 Li is greater than that observed for 6 Li (albeit on a limited data set) suggests that the destruction may not be very significant (Pinsonneault et al. 2002) . For this reason we adopt a conservative upper limit of a factor of 10 above the mean plateau value giving 6 Li/H ≤ 7.1 × 10 −11 . We consider several constraints on the X − abundance from the observed Li isotopic abundances. We first discuss the case of a longer mean life for the X − particle (τ X 5 hours). In this case, the yields of BBN are not strongly affected by the value of τ X . Our adopted lower limit to the 6 Li/H ratio is then satisfied by the calculated abundance of 6 Li/H (thick solid curve in Figs. 3 and 4) for f X 2 × 10 −6 . In order to include the uncertain depletion effect of fragile lithium in stellar atmospheres, we display in Fig.  4 the calculated primordial 6 Li and 7 Li abundances relative to the mean plateau levels in MPHSs, i.e. (
The gray regions enclose our adopted uncertainty due to the X − transfer reaction cross sections as in Fig. 3 . Here and below, we take, as our recommended network, the reaction rate of 4 He X (d,X − ) 6 Li from Hamaguchi et al. (2007) .
The parameter regions of initial X − abundance, 2 × 10 −6 f X 1 × 10 −4 for 6 Li and f X 1 for 7 Li, respectively, are plausible regions in this context. In addition, since 6 Li is more easily destroyed in proton burning than 7 Li, the primordial abundances should satisfy the inequality ( Fig. 4 we thus find the concordant parameter region of
which is bounded by the vertical solid line on Fig. 4 . Here, we used Eq. (16) to convert the inferred limits on f X into the limits for Y X . We then deduce from Eq. (17) and Fig. 4 a possible depletion factor, d( A Li), of the primordial abundances of 6 Li and 7 Li in Population II metal-poor halo stars of,
where the upper limit to 6 Li depletion comes from our adopted upper limit to the primordial 6 Li abundance. We note that these depletion factors are consistent with the known thermonuclear reaction rates for p+ 6 Li and p+ 7 Li, assuming partial depletion of lithium in the solar atmosphere; the former is about a factor of 80 larger than the latter. We also point out that in our present scenario for BBN including the X − particles, their abundance parameter region, Eq. (17) can be a solution to the 6 Li abundance discrepancy between the standard BBN prediction and the observations of MPHSs, while still satisfying the independent abundance constraint on the primordial 7 Li abundance. It is to be noted, however, that there still remains a possible controversy that the depletion factor of d( 7 Li)= 3 − 4 may be too large to accommodate the observed small dispersion in the plateau abundance level detected in MPHSs (Pinsonneault et al. 2002) .
Case of Shorter Mean Life of X − Decay
To study the effects of X − decay we introduce the lifetime τ X of the X − particle. Then there are two parameters Y X and τ X . Even in the case when the mean life of the X − particle is nearly equal to or slightly shorter than five hours (τ X 2 × 10 4 s) the recombination of 7 Be and X − particles still enriches the 7 Be X abundance (Fig. 2b) . This is because the recombination of 7 Be and X − particles occurs at earlier times when the cosmic temperature is T 9 ∼ 0.5. However, in this case the recombination of 4 He cannot produce abundant 4 He X . This is because the recombination of 4 He occurs at at a lower temperature T 9 ∼ 0.1 when the cosmic time is of the same order of τ X ∼ 10 4 s and is sensitive to the decay. Thus, the 6 Li production is reduced because the 4 He X (d,X − ) 6 Li reaction is strongly hindered.
In this case, however, the resonant reaction process 7 Be X +p → 8 B * a X → 8 B X +γ (Bird et al. 2007 ) can more effectively destroy 7 Be X . We assumed that 8 B X interconverts to 8 Be X by β-decay with a rate of 8 B β-decay multiplied by the correction term (Q X /Q) 5 , where Q and Q X are the Q-values of standard β-decay and that of β-decay for X-nuclei. We adopt here the Hamaguchi et al. (2007) rate for 4 He X (d,X − ) 6 Li. In Fig. 5 , the contours of d( 6 Li) [solid curves] and d( 7 Li) [dashed curves] are shown. The upper and lower solid curves correspond to the abundance level which satisfies our adopted constraint (1.7 × 10 −12 ≤ 6 Li/H ≤ 7.1 × 10 −11 ) as discussed in subsec. 3.2 from the abundance of MPHSs, ( 6 Li/H) MPHS = (7.1 ± 0.7) × 10 −12 (Asplund et al. 2006) . Thus the upper right region of the figure is excluded for 6 Li overproduction. The right-upper side from the lower solid curve indicates the region for which the 6 Li abundance is higher than that observed in MPHSs.
The three dashed curves correspond to d( 7 Li)=1.55, 2, 3, from right to left, respectively. In Fig. 5 there is no 7 Li over-destruction region where 7 Li abundance is below the observed mean value. d( 7 Li)=1.55 corresponds to the 1 sigma upper limit for MPHSs value (Ryan et al. 2000) . In the right-upper side from the dashed curve for d( 7 Li)=2, the resulting 7 Li abundance is lower than 7 Li/H≈ 2.5 × 10 −10 . Therefore, we conclude that BBN with negatively charged particles provides a simultaneous solution to the 7 Li overproduction problem and the 6 Li underproduction problem, [as also deduced by Bird et al. (2007) ] in the parameter region
10 5 s and Y X 3, the calculated abundance of 7 Li increases slightly. In this region the 6 Li X (p, γ) 7 Be X reaction produces some amount of 7 Be X . However, this parameter region is uninteresting due to an extreme overproduction of 6 Li compared with observed abundances.
In Fig. 5 , there is a solid line corresponding to d( 6 Li)=4. The condition
is satisfied in the gray region. The gray colored region in Fig. 5 [cf. Eq. (18) ] is the most interesting and relevant parameter region in order to solve both the 6 Li and 7 Li problems. The wider vertical band of 4 × 10 −6 Y X 8 × 10 −6 and τ X 10 4 s corresponds to the solid box bounded by the vertical solid line in Fig. 4 Bird et al. 2007 ). In this model, the rate of recombination effectively determines the 7 Be→ 7 Li conversion rate induced by X − . The results of this case are shown in Fig. 6 . The general features of Fig. 6 are very similar to Fig. 5 
The calculated abundance constraints on Y X (Eqs. 20 and 22 can therefore be used to constrain the mass m Y . Note, that the calculated result in the present study does not particularly depend on the assumed mass of the X − . In fact, only the second recombination rates and the nuclear reaction rates between X-nuclei depend on the mass of the X − (see discussion in subsec. 2.5). However, the main production and destruction processes of 6 Li, 7 Li, and 7 Be are completely free from these processes. We can thus consider the general constraint on the number fraction of X − particles, Y X . The most interesting solution to both the 6 Li underproduction and 7 Li overproduction involves the parameter space defined in Eqs. (20) and (21). Using [Eq. (20) ] in which one includes the destruction reaction process 7 Be X +p → 8 B * a X → 8 B X +γ (Bird et al. 2007) , the mass of the dark matter particle Y 0 would be constrained to be m Y 5 GeV .
However, using [Eq. (21) ] in which one includes the 7 Be X → 7 Li+X 0 process (Bird et al. 2007 ) the allowed mass range increases to
The long lifetime for X − decay is consistent with the mass of the decaying particle X − being close to the mass of the daughter particle Y 0 . In this case one can deduce a constraint on the X − mass of
4.2. Initial X − Abundance at BBN Epoch
Here, we consider a simple estimation of the initial X − abundance after the BBN epoch taking X + and X − pair annihilation into account. When X + and X − particles are abundant at high temperature, both pair creation and annihilation equilibrate. However, as the universe expands and cools, the annihilation process proceeds until these particles freezeout at some relic X − (X + ) abundance. A calculation of this is analogous to the well known weakly-interacting massive particle (WIMP) calculation of Kolb & Turner (1990) .
Following their derivation, the time evolution the Xto-photon ratio, η X ≡ n X /n γ = ηY X , can be written,
However, unlike the Kolb & Turner (1990) calculation, the X − annihilation cross section is given by the electromaganetic formation of a positronium-like bound state (X − , X + ) system, not by the weak interaction associated WIMPs. Therefore, the annihilation cross section does not scale the same as the WIMP annihilation rate,
, where G F is the Fermi coupling constant. Rather, the much larger annihilation cross section (Bird et al. 2007 ) of interest here is given by,
The solution of Eq. (26) is then
(28) where the subscript i refers to values at some initial temperature T i .
Assuming that η Xi ∼ O(1) and that the baryon-tophoton ratio is η = 6.0 × 10 −10 (Spergel et al. 2007 ), the freeze-out abundance of X − can be written;
where g * is the total number of degrees of freedom of the relativistic particles. This approximation indicates that the charged massive particles that existed in the early universe might remain as relics in abundance of order Y X ∼ 0.01. This is not very different from the Y Xvalue of the most interesting solution to the 6 Li and 7 Li problems in Eq. (20) or Eq. (21) which we found, i.e. the solution which leads to the simultaneous destruction of 7 Be and production of 6 Li at levels that would produce concordance with observations.
Direct Destruction of Nuclei by X − Decay
Having shown how primordial X − particles could result in modified Li isotope production, we need to consider what would happen to those nuclei which retained an embedded X − particle when the X − particle decays. This decay was assumed by Kaplinghat & Rajaraman (2006) to interact sufficiently strongly with the host nucleus that it would induce nucleon emission. For example, the decay could knock out a proton or neutron from 4 He X , producing either 3 He or 3 H. These nuclides could then interact with other 4 He nuclei to produce 6 Li. However, this interaction was found by those authors to occur too infrequently, which is consistent with earlier studies (e.g. Rosen 1975) . It was therefore concluded that the resulting decay products would have little effect if they were comprised only of leptons and photons. Even so, they might destroy some fraction of the nuclei in which the decays occurred if one of the decay products was a pion (Rosen 1975; Kohri & Takayama 2007) . However, for the X − decays, the decay products might be expected to be electroweakly interacting particles, and the X − decays might not be expected to significantly affect the host nuclei. We therefore neglect decay-induced destruction in the present study.
4.4. 6 
Li Production by Electromagnetic Energy
Injection from X − Decay
If the X − particles decay to charged leptons and any other residues, the high-energy leptons thus produced could interact with background photons to lose their energy and induce additional nonthermal nucleosynthesis. In this section we argue that such nucleosynthesis (if it does occur) does not significantly alter the parameter constraints deduced above.
There is also a viable possibility that the decaying product is an electron. Such a high energy electron quickly interacts with background photons (e ± + γ → e ± + γ i.e. inverse Compton scattering). The newly produced energetic photons will also interact with background photons (γ + γ → e − + e + i.e. pair production). In this way high energy electrons can lose energy by making an electromagnetic cascade shower. Such a shower could trigger non-thermal nucleosynthesis (Dimopoulos et al. 1988a (Dimopoulos et al. ,b, 1989 Jedamzik 2000; Cyburt et al. 2003; Jedamzik 2004; Kawasaki et al. 2005; Kusakabe et al. 2006) .
In Kusakabe et al. (2006) the conditions on the parameters of X − particles which lead to a resolution of the 6 Li underproduction problem were delineated. These are Y X m X ≥ Y X E EM ∼ 10 −4 − 10 −3 GeV and τ X ∼ 10 8 − 10 12 s, where E EM is the generated energy in the electromagnetic decay process. The constraint on Y X for a given X − mass m X is then
In the present paper we have considered several destruction processes of 7 Be X . Here we note that both Fig. 5 and Fig. 6 indicate the same constraint Y X 10 −5 from X − BBN for τ X ∼ 10 8 − 10 12 s which is the interesting lifetime range in the previous work based upon electromagnetic X − decay (Kusakabe et al. 2006) . The electromagnetic decay of X − particles triggers late time 6 Li production in amounts of 1 d( 6 Li) 10 for these parameter regions. Therefore, the compatible condition which avoids an overproduction at the earlier epoch and still allows for non-thermal production of 6 Li at the later time is only d( 6 Li) 10. From this we deduce,
which places a lower limit on the mass of the X − particle of m X 10 − 100 GeV.
When m X satisfies this lower limit, the electromagnetic decay of X − particles can also operate at times long after the BBN epoch. Clearly, electromagnetic and/or hadronic decays may also contribute to the final computed abundances. And, in a subsequent work we propose to investigate this. However, for now our goal has been to clarify the role of X − reactions and confirm that this effect alone can explain the observed lithium abundances. Note that in the case where the stable daughter dark matter particle has nearly the same mass as the X − particle, there is not enough Q-value to produce a hadronic or electromagnetic shower. . For this figure we have taken the abundance of negatively charged particles X − to be Y X = n X /n b = 0.1, and its lifetime is taken to be long τ X = ∞. We utilize the X − reaction rates as described in the text. Fig. 3 .-Calculated abundances of 6 Li/H and 7 Li/H as a function of the initial X − abundance parameter f X defined in the text. The gray band bounded by curves of 6 Li show the uncertainty from the rate for X − transfer reaction. The dashed lines indicate the mean values observed in MPHSs. The dashed and solid boxes indicate the range of f X consistent with our adopted limits on the abundance of 6 Li/H observed in MPHSs. 
